Herein, mesoporous silicon (PSi) is configured as a single sensing device that has dual readouts; as a photonic crystal sensor in a Rugate filter configuration, and as a high surface area porous electrode. The as-prepared PSi is chemically modified to provide it with stability in aqueous media and to allow for the subsequent coupling of chemical species, such as via Cu(i)-catalyzed cycloaddition reactions between 1-alkynes and azides ("click" reactions). The utility of the bimodal capabilities of the PSi sensor for monitoring surface coupling procedures is demonstrated by the covalent coupling of a ferrocene derivative, as well as by demonstrating ligandexchange reactions (LER) at the PSi surface. Both types of reactions were monitored through optical reflectivity measurements, as well as electrochemically via the oxidation/reduction of the surface tethered redox species. 2012 the Owner Societies.
Introduction
A sensor requires two essential components; a recognition interface to give the sensor its selectivity toward the analyte of interest, and a transducing component which in turns reports to the end user on the extent of the recognition event.
1 Traditionally, the transducer provides a single type of signal, with either optical or electrochemical being the most popular outputs. However, there are times where multiple different types of transduction signals would provide a far greater amount of analytical information. For example, the combination of an optical reflectivity device and an electrode surface has the capability of providing optical information on the kinetics of binding events, while electrochemical measurements of the charge passed could be used to correlate optical data with the exact number of molecules bound to the surface. Herein we present a dual optical/electrochemical transducer we have developed which provides two types of optical readouts, reflectivity and infrared spectroscopy, as well as providing electrochemical information. As we are interested in developing surfaces with multiple different readouts to monitor and follow surface reactions, the capabilities of this multimodal transducer are here demonstrated for surface derivatizations, but could also be applied to many other types of sensing applications.
Surface reactions at monolayers are the basis of the fabrication of many devices; they are vital in catalysis, sensing and studies of interfaces in general. 2 One of the issues in monitoring and understanding surface reactions is the small amount of material that is present to be measured. Porous materials with high surface area could, to some degree, alleviate this issue. An important step in further understanding surface reactions is therefore to develop tools that can provide multiple types of information about the chemical process under investigation. Herein we report our initial investigations, within this regard, on the use of high surface area mesoporous silicon photonic crystals that are infrared transparent and at the same time can serve as electrodes.
Porous silicon (PSi) was chosen for this purpose for a number of reasons. First, it can be easily micro-machined electrochemically, with a high degree of control over pore size, 3 into well defined photonic crystals that exhibit sharp optical reflectivity bands. 4 The optical properties of the photonic crystal relate to its average refractive index, and as such, PSi can be used as a label-free optical sensor.
5 Second, the process of fabricating these photonic crystals results in a high surface area mesoporous material. Third, porous silicon can also serve as an electrode material, which we have recently reported can have surprisingly low interfacial charging capacitance, 6 a factor which is important in giving the electrode good analytical performances. 7 Fourth, at lower doping levels PSi is IR transparent which means transmission mode FTIR spectroscopy can be performed.
5c Finally, and perhaps most importantly, the organic modification of silicon is of enormous interest for a whole range of applications such as molecular electronics, 8 molecular memories, 9 optoelectronic circuitry, 3b MEMS-compatible hybrid materials 10 and biological interfaces.
5e,11
To exploit the above features of PSi, however, first requires the as-prepared hydrogenated silicon surface to be stabilized via surface modification. 4c The formation of molecular layers on Si-H x surfaces using 1-alkenes and 1-alkynes gives robust and well-defined layers on the Si surface with no intervening oxides.
10a,12 Recent research suggests that 1-alkynes, resulting in a 1-en-1-yl silyl (Si-CQC) linkage, 13 give more stable, densely packed and faster forming organic monolayers compared to 1-alkenes.
14 Furthermore, we have recently shown that the thermal modification of hydrogen terminated Si(100) and PSi photonic crystals using 1,8-nonadiyne 1 15 protects the underlying silicon from oxidation even in aqueous electrolytes under the influence of oxidizing anodic potentials. 11, 16 The resultant acetylene-terminated PSi surface can then be reacted with a broad range of aryl and alkyl azides, 17 or 1-alkynes 18 to allow for further functionalization.
The purpose of the present paper is to demonstrate the potential of using modified PSi as a multimodal electrochemical and optical device for monitoring surface reactions. In this multimodal PSi structure, the entire porous matrix (here up to B3000 times larger than that of a crystalline Si(100) electrode of the same geometric area) participates in both amperometric and optical responses. The PSi photonic crystal is in this case structured as a Rugate filter. The analytical power of electrochemical methods can thus be combined with both the labelfree interrogation of the PSi sample by optical reflectivity and with the ability of FTIR spectroscopy to probe changes in chemical functionality accompanying surface reactions. The chemical reactions explored are the covalent bond-forming reaction of ferrocene derivatives to a surface and a ligand-exchange reaction (LER) scheme between tethered pyridine ligands and osmium complexes.
Experimental section Materials
All solvents and reagents were of analytical grade and were used as received, unless otherwise noted. Chemicals used in surface modification procedures and electrochemical experiments were of high purity (>99%). 1,8-Nonadiyne (1, Alfa Aesar, 97%) was distilled from sodium borohydride under reduced pressure and stored under a dry argon at room temperature. Azidomethylferrocene 2 was synthesized as previously reported. 16b The synthetic procedure for the preparation of 3-azidopropyl isonicotinate 3 in three steps from commercially available isonicotinic acid has been detailed in a previous report.
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Synthesis of Os(bpy) 2 Cl 2 4 followed the method of Leech and co-workers. 19 Dichloromethane, ethanol, 2-propanol for surface cleaning and surface modification were redistilled prior to use. Single-side polished silicon wafers of prime grade, (100)-oriented (h100i AE 0.051), p-type (boron), 0.07 O cm, 525 AE 25 mm thick were obtained from Siltronix, S.A.S. (Archamps, France).
Porous silicon fabrication
Mesoporous silicon has been formed by electrochemical etching of Si substrates with hydrofluoric acid (HF, 48%): absolute ethanol (1 : 1) as electrolyte. The preparation of porous silicon filters for reflection interference has been reported in several publications. 
Porous silicon derivatization
Assembly of the acetylenylated PSi surface by covalent attachment of the diyne 1 followed a previously reported thermal procedure.
15 After modification, the PSi samples were rinsed several times with dichloromethane and rested in dichloromethane for 12 h at 4 1C, before being either analyzed or further reacted. CuAAC attachment of ferrocene 2 (SAM-2) and of the isonicotinic acid derivative 3 (SAM-3) to the acetylenyl surface (SAM-1) followed published procedures with minor modification. 11,16a In brief, to a reaction vial containing the alkyne-functionalized silicon surface (SAM-1) were added (i) the azide molecule (2-3, 3 mM, 2-propanol/ water, 2 : 1), (ii) copper(II) sulfate pentahydrate (2 mol% relative to the azide), (iii) sodium ascorbate (60 mol% relative to the azide), and (iv) N,N,N 0 ,N 0 -tetramethylethane-1,2-diamine (0.5 mol% relative to the azide). Reactions were carried out at room temperature, in the dark without excluding air from the reaction environment and stopped after 24 h by removal of the modified sample from the reaction vessel. The prepared surfacebound [1,2,3]-triazoles samples (SAM-2 and SAM-3) were rinsed consecutively with copious amounts of Milli-Qt water and ethanol, and then rested at room temperature for a 12 hour period in a 0.05% (w/v) ethylenediaminetetraacetic acid solution (pH 7.4). Samples were then rinsed with copious amounts of Milli-Qt water before being analyzed or further reacted. The coordination of Os(bpy) 2 Cl 2 4 onto the isonicotinic acid modified electrodes (SAM-3) followed a procedure analogous to that of Meyer and co-worker for the ligand substitution of a chloride in the complex 4 by 4-(aminomethyl)pyridine in refluxing ethylene glycol. 21 In brief, the modified silicon surface (SAM-3) was immersed in a degassed (purged with argon gas) solution of Os-complex (4, 10 mM, ethylene glycol). The solution was heated at 150 1C for 2 h. The electrode (SAM-4) was then removed from the solution and rinsed with ethanol and Milli-Qt water before analysis.
Electrochemical measurements
Cyclic voltammetry (CV) measurements were performed using a BAS 100B electrochemical analyzer (Bioanalytical Systems, Inc., W. Lafayette, IN). Three-terminal measurements were carried out in air using a three-electrode system in either 1.0 M perchloric acid (SAM-2) or 0.1 M potassium chloride (SAM-4) electrolyte solutions, with silver/silver chloride in 3 M sodium chloride as the reference electrode, a platinum mesh (ca. 1500 mm 2 ) as the counter electrode, and the functionalized PSi sample as the working electrode. Gallium-indium eutectic was applied to form a rear ohmic contact to the silicon wafers. A rectilinear cross-section gasket defined the geometric area of the working electrode to 24.6 mm 2 . All potentials are reported versus the reference electrode.
Spectroscopy and microscopy X-ray photoelectron spectroscopy (XPS) measurements were performed on an ESCALAB 220iXL. Monochromatic Al Ka X-rays (1486.6 eV) incident at 581 to the analyzer lens were used to excite electrons from the sample. Emitted photoelectrons were collected on a hemispherical analyzer with multi-channel detector at a takeoff angle of 901 from the plane of the sample surface. The analyzing chamber operated below 10 À9 mbar and the spot size was approximately 1 mm 2 . The resolution of the spectrometer was B0.6 eV. All energies are reported as binding energies in eV and referenced to the C 1s signal (corrected to 285.0 eV). Survey scans were carried out selecting 100 ms dwell time and analyzer pass energy of 100 eV. High-resolution scans were run with 0.1 eV step size, dwell time of 100 ms and the analyzer pass energy set to 20 eV. After background subtraction using the Shirley routine, spectra were fitted with a convolution of Lorentzian and Gaussian profiles as described previously. Reflectivity spectra were measured by illuminating the sample with a focused halogen light and recording data with a silicon CCD array (USB2000 + spectrometert, Ocean Optics Inc., USA). The illumination and detection of the reflected light was performed at an angle of 01 to the surface normal. Spectral resolution was ca. 1 nm, and the spot size in the measurements was approximately 0.1 mm across. ThermoNicolet AVATAR 370-FTIR spectrometer, fitted with a deuterate triglycine sulphate (DTGS) detector, was used to collect the porous silicon spectra in air in normal transmission geometry, and referenced to the clean wafer transmission. Three hundred scans were accumulated with a typical spectral resolution of 4 cm À1 . Scanning electron micrographs were taken using a Hitachi S900 SEM with a 4 kV field emission source.
Results and discussion Preparation and characterization of PSi optical filters
The specific morphology of the PSi film depends on the anodization conditions and substrate doping (type and level). 22 PSi Rugate filters consists of repeated quarter wave layers with alternating high-and low-refraction indexes (H and L hereafter) which correspond with low and high porosity silicon. Porosity values of the samples used in this study varied between 49% and 54% (see Experimental section). The thickness of the PSi films used was in the range of 1.0-9.0 mm (Fig. 1) , 23 and pore diameters were in the range of 5-20 nm. 6 The high-reflection wavelength can vary over a wide range and depends on both the thickness and refraction index contrast of the alternating H and L layers. As is shown in Fig. 1 , an increase in the overall thickness of the porous film, and hence the number of alternating H and L layers, results in an increased reflectivity maxima. 24 By comparing measured and simulated reflectivity data (i.e., position of the reflectivity maxima and fringe spacing in the low background reflectivity) the thickness of the entire structure and the individual refractive indexes of H and L layers can be estimated. The PSi film thickness values estimated from the refined reflectivity data ((LH)6: 0.85 mm; (LH)20: 2.8 mm; (LH)60: 8.6 mm) are in good agreement with values obtained from SEM micrographs (Fig. 1, left panel) . The discrepancy between the measured and simulated spectra in the figure arises because the effective medium approximation used in the simulation does not take into account the contribution of absorption. Absorption in low loss structures has a minor effect on the spectral peak positions, but will influence the peak height of the reflectivity and fringe contrast.
Demonstration of using PSi multimodal detectors to monitor covalent coupling reactions at surfaces
In the first application of PSi photonic crystals as multimodal transducers for monitoring surface reactions we demonstrate the modification of freshly prepared PSi with diyne 1, followed by the coupling of azidomethylferrocene 2 onto the modified-PSi surface using ''click'' copper(I)-catalyzed alkyne-azide cycloaddition reactions (CuAAC   25   ) .
5e,f,16c The reaction scheme is shown in Fig. 2 along with the FTIR, reflectivity and electrochemical characterization of the surface coupling reactions. We have recently reported the modification of PSi with this same surface chemistry to allow the PSi to be used as a high surface area and low capacitance electrode. 6 As we characterized the surface chemistry using XPS, FTIR spectroscopy and electrochemistry in that previous report, here we will concentrate our discussion on the reflectivity measurements shown in Fig. 2 .
During each step in the surface modification, from the addition of the diyne 1 to give SAM-1 to the covalent coupling of ferrocene 2 using CuAAC reactions to give SAM-2, we observed a red shift in the reflectivity spectrum. The magnitude of the red shifts is indicative of the amount of organic matter deposited on the PSi walls. As the wavelength of the high reflectivity band is proportional to the refractive index of the layers (n), a red shift in the peak wavelength is expected when organic molecules (n B 1.4) displace the air (n = 1) within the pores, thereby increasing the mean refractive index of the layers. Hence, as shown in Fig. 2b and d, the Rugate filter reflectivity maxima red-shifted by 53 AE 9 nm (95% confidence limit for 9.0 mm thick PSi samples) from the Si-H x to SAM-1 samples, but only by 17 AE 4 nm for the attachment of the significantly smaller ferrocene 2 (SAM-2).
The changes in surface chemistry are supported by FTIR data, which are possible because we use p + silicon to generate a PSi 26 filter which is transparent in the mid IR and allows conventional FTIR instrumentation to be used. 27 The IR transparency enhances our ability to use this dual PSi optical and electrochemical mesoporous structure for evaluating surface reactions. It should be noted that the spectra have not been background-subtracted and hence interference fringes are dominating the spectra baselines. The important features from the FTIR spectra that confirm the formation of SAM-1 are (i) a drastic attenuation of Si-H x stretches at ca. 2100 cm À1 (Fig. 2a) and (ii) the appearance of a number of absorbance bands related to grafted species, 28 including n(RC-H), n a (CH 2 ), n s (CH 2 ), n(Si-CQC), and d(CH 2 ) modes at 3314, 2930, 2855, 1598, and 1449 cm À1 (Fig. 2c) . Upon further reaction to produce SAM-2 samples (Fig. 2f ) the prominent alkyne stretch (RC-H, 3314 cm À1 ) of the terminal alkyne group in SAM-1 samples is significantly attenuated and ring modes at 3090 cm À1 ((C-H) CP stretching) and 1050 cm À1 ((C-H) CP in plane bending) 29 associated with the cyclopentadienyl ligands in 2 appear.
Also shown in Fig. 2 is the electrochemical analysis of the PSi structures during the modification process. The freshly prepared PSi is not subject to any electrochemical interrogation because it would oxidize in the aqueous electrolyte employed. Once chemically modified (SAM-1) the PSi electrode showed no significant Faradaic process as there is no redox species present (Fig. 2e) . More significantly, the absence of Faradaic signatures when scanned to positive potentials also provides good evidence that SAM-1 is protecting the PSi matrix from oxidation. Hence, any subsequent electrochemistry observed upon coupling the ferrocene 2 onto to the PSi to give SAM-2 can be associated with the reversible oxidation/reduction of tethered ferrocene species. As can be seen in Fig. 2h a very prominent Faradaic signal is observed upon coupling of the ferrocene molecule onto the PSi surface. The peak currents in the cyclic voltammograms (CV) were found to scale linearly with the potential scan rate, n, which is indicative of the ferrocene being surface-bound as suggested by the reflectivity and FTIR measurements. The half wave potential extrapolated from CV taken at low scan rates, was ca. 375 mV and in excellent agreement with literature values for other ferrocene-modified Si(100) and Si(111) planar electrodes.
16b,30
The area under the redox waves in voltammograms can be used to estimate the surface coverage of ferrocene units, G. The G value obtained was 4.5 AE 0.5 Â 10 À7 mol cm À2 (geometric area) for the 9.0 mm thick SAM-2 samples. Hence, in effect, the electrochemical signature can be used to calibrate the extent of the optical shift in PSi filters.
Screening ligand-exchange reactions at PSi electrodes
Next we look at a LER at the PSi surface as, at present, characterizing LER at surfaces is relatively unexplored. From an electrochemical perspective this is partly because most often the ligand exchange step is performed prior to the attachment of the redox molecule onto the solid substrate. 31 The PSi matrix may thus become a convenient test substrate material. Herein LER between tethered pyridine derivatives (SAM-3) and a redox osmium complex (4, Os(bpy) 2 Cl 2 ) will serve as an example (see Scheme 1). We have recently reported on the use of isonicotinic acid-modified planar Si(100) electrodes for the direct electrochemistry of cytochrome c, 11 and in a preliminary note, 32 we have discussed their use in the wiring of complex 4 onto the electrode surface by displacement of a chlorine atom and insertion of a tethered pyridine ligand (R-py).
First we characterized the formation of SAM-3. As illustrated in Fig. 3 , optical reflectivity shifts and high resolution XPS measurements confirm the formation of the pyridine-ligated assembly (SAM-3) by CuAAC reactions of SAM-1 with 3-azidopropyl isonicotinate 3. The high reflectivity band red-shifts 35 AE 11 nm (Fig. 3a) . The deconvolution of the N 1s and C 1s XPS peaks into its different contributions, and their quantitative analysis, has been performed in agreement with literature methods (Fig. 3b and c,  respectively) . 11 with the electron-deficient carbon atom in the ester carbonyl group ( À C(O)O) from the isonicotinic acid derivative 3. Next, optical reflectivity, XPS and CV measurements were used to examine the ligation of the model organometallic complex 4 onto pyridine terminations of SAM-3. Fig. 4 summarizes the most relevant findings. Optical reflectivity shifts upon the formation of SAM-4 suggest a successful ligand exchange process (6 AE 2 nm red-shifted from SAM-3, Fig. 4a) , and electrochemical methods aided in a more detailed quantification of the extent of conversion. Integration of the anodic and cathodic CV waves yields a G value of 1.8 AE 0.3 Â 10 À11 mol cm
À2
, 33 a value that is significantly lower than the maximum coverage estimated for a closed packed structure of 4 (9 Â 10 À11 mol cm
). 31a The presence of appreciable repulsive lateral interactions among tethered 4 units is therefore not considered to be likely due to the small measured values of G. Hence it can be proposed that the observed redox centres in SAM-4 are effectively independent, i.e. nearly fully solvated by aqueous electrolytes and the local environment around each redox centre is remarkably uniform.
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The surface CVs for SAM-4 samples are in fact very close to ideal, with DE p values of 10 mV at low n values, and peak dispersions (DE fwhm ) as low as 110 mV. Based on the consistency of the optical reflectivity and voltammetry data, our screening of a representative LER at monolayers on PSi Rugate filters shows this class of reactions is a viable approach to well-behaved redox active films.
Conclusions
Many of the factors of merit of PSi in sensing, 4c,35 that is a large surface area, an accessible pore network, a tunable refractive index, and an expanding pool of available surface derivatization strategies, are combined when using PSi optical filters as an electrode material to give a multimodal transducer. Here it is shown using the one material that optical reflectivity, FTIR spectroscopy and cyclic voltammetry can be used to monitor surface reactions. Two classes of surface reactions are monitored; the covalent coupling of a ferrocene derivative and a ligand exchange reaction at a surface involving a redox-active osmium complex. Hence, the high surface area of PSi, combined with its optical and electrochemical characteristics, can provide an experimentally simple analytical tool kit to aid in the characterization of a monolayer at a surface. The ability to simultaneously monitor the electrochemical and optical signatures of surface reactions on these PSi substrates also provides the potential to monitor the kinetics of these surface reactions.
